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ABSTRACT R loop hybridizations and electron microscopy have been used to determine cellular RNA concentrations for cloned genes. In plasmid DNA sequence excess, all the complementary RNA is driven into R loop structures that can be assayed by electron microscopy. To determine the concentration of a particular poly(A)+ RNA, plasmid DNA crosslinked once every 2000-5000 base pairs with trioxsalen and UV light is hybridized in DNA sequence excess to various known amounts of total poly(A)+ RNA, and the R loops are stabilized by treatment with glyoxal. If necessary, excess nonhybridized RNA is removed by Sepharose 2B chromatography, which enables the visualization of less abundant transcripts. Reconstruction experiments demonstrated that electron microscopic determination of the fraction of plasmid DNA molecules containing specific RNA loops gives accurate values of specific RNA weight fractions or concentrations in the total poly(A)+ RNA populations. These methods were also used to determine the concentrations of five RNA species complementarylto sequences on TRT3, a recombinant DNA plasmid containing yeast histone 2A and 2B genes and three other nonhistone genes. The methods described allow, one to visualize the R loop structures for both abundant and nonabundant transcripts and to estimate concentrations of these RNA species simply by determining the fraction of DNA containing R loops.
These improved techniques have been applied to mapping transcripts on recombinant DNA plasmids (13) (14) (15) (16) . Hybrid formation does not require prior enrichment ofa particular RNA species and can be done with large amounts of total poly(A)+ RNA. Ifthe concentration ofunhybridized RNA is high, the DNA and stabilized R loops can be separated from free RNA by gel filtration (12, 17) . Therefore, large amounts of total or poly(A)+ RNA can be used to form sufficient numbers of R loops so even nonabundant transcripts are visualized in R loop structures.
In the present R Loop Hybridizations and Hybrid Purification. DNA at a concentration of50 ,ug/ml in 10 mM Tris HCl/1.0 mM EDTA/ 10 mM NaCl, pH 7.4, was crosslinked once every 2-5 kb by treating with trioxsalen at 1.0 pug/ml and long-wavelength ultraviolet light as described (12) . DNA and RNA were hybridized in 70% (vol/vol) formamide/0. 1 M 1,4-piperazinediethanesulfonic acid (Pipes), pH 7.2/0. 01 M EDTA/0.4 M NaCl at various temperatures and times as referred to in the text. To ensure kinetic completion with complex poly(A)+ RNA populations, the reactions were usually allowed to proceed for 18-24 hr. All reactions that were allowed to continue for longer than 18 hr gave equivalent results. The hybrids were chilled to 0°C and, where noted, were treated with 1.0 M glyoxal for 2 hr at 12°C (12) . Extreme care was taken to ensure that the temperature of DNA solutions never exceeded 12°C in the presence ofglyoxal. If the concentration of RNA in the hybridization reaction was greater than 100 ,ug/ml, it obscured the DNA in the electron microscope field. To separate the unhybridized RNA from the R loopcontaining DNA, free glyoxal was removed by dialysis against 0.5 M NaCl/0.1 M Pipes/0.01 M EDTA, pH 7.2. The R'loop mixture was then passed over a Sepharose 2B column equilibrated with the same buffer at 4°C. DNA was excluded whereas unhybridized RNA was an included fraction. The column fractions were dialyzed and prepared as described below. When the RNA concentration was lower than 100 ,g/ml, the R loop mixture was dialyzed directly against 10 mM Tris.HCV1.0 mM EDTA, pH 7.4. Storage for several days in this buffer at 4°C showed no changes in the length or quantities of the observed R loops.
Electron Microscopy. R loop samples were spread from 50%
(vol/vol) formamide onto a 15% (vol/vol) formamide hypophase as described (12, 22 ovalbumin, the hybrids were first treated with glyoxal and then fixed for the electron microscope. For rRNA, the hybrids were prepared directly for electron microscopy, because these R loops are known to be stable except for a small amount ofbranch migration at the 5' end (10, 12) . In both cases, the duplex DNA was relatively intact. Representative electron micrographs are shown in Fig. 1 . The fraction of R loop-containing DNA molecules was determined by counting three independent 100-molecule samples from two or three different grids. As least roughly consistent with the rate equation dR/dt = -kRD. However, the ranges of concentrations and times studied are limited, and these preliminary results are not a critical test of this plausible rate equation. The predicted value ofk in the same solvent for a DNADNA reaction with single strands of the length and complexity of 18S rRNA (1800 nucleotides) is about 103 M'1 sec-' (24) . Thus the rate of R loop formation (k 300 M-1 sec-') appears to be about 1'3 relative to the single-strand DNA-DNA rate. Given k = 300 M-1 sec-1 with DNA in a sufficient sequence excess so that the reaction is approximately pseudo-first-order in RNA, the predicted Cot1/2 (product of DNA concentration and incubation time when the hybridization is half complete) is 2.3 x 10-3 M Table 2 shows that when the DNA and RNA are mixed in the formamide at room temperature, the initial reaction is slower and relatively independent of DNA concentration. This surprising observation suggests that a finite time is required for the crosslinked DNA to unwind and be available for RNA-DNA hybridization. It Table 3 show that H2A and H2B RNA species are relatively abundant and are gresent in different concentrations accounting for 2.0 X 10-and 0.5 x 10-3 weight fraction of the total poly(A)+ RNA, respectively. The fractions of R loops observed for the three other transcripts were much lower, indicating that these RNA species are present in much lower amounts than the histone messages in poly(A)' RNA.
In experiments with TRT3 DNA and a different RNA preparation, the weight fractions of H2A and H2B transcripts were measured as 1.35 ± 0.10 x 10-3 and 0.65 ± 0.14 x 10-3, respectively. These results are quantitatively different than those in Table 3 , although a significant difference between H2A and H2B RNA is still observed. Single experiments with the same RNA preparation were in agreement to ± 10% or the expected statistical variation, whichever was larger.
When a mixture ofTRT3 and TRT1 plasmid DNAs [the latter contains the second set of H2A and H2B genes (14) ] was used, Crosslinked TRT3 DNA (5 ,tg/ml) was hybridized to poly(A)-containing RNA at 165 ,g/ml. Part of the reaction mixture was treated with glyoxal, freed of unhybridized RNA by Sepharose 2B chromatography, and fixed for electron microscopy, and the fraction ofDNA containing each R loop species was determined (column 2 of the table). Numbers in parentheses are the numbers of molecules scored. The remaining hybridization mixture was not fixed with glyoxal but was directly passed over a Sepharose 2B column to separate the R loop-containing DNA from the unhybridized RNA. The excluded DNA fractions were treated with glyoxal and observed in the electron microscope to assess any loss of R loops due to running the column prior to glyoxal treatment (column 3 of the table). The included RNA was eluted, precipitated with ethanol, and resuspended in hybridization buffer to a final concentration of 30 ,ug/ml with crosslinked TRT3 DNA at 5 ,ug/ ml, and the second hybridization reaction was allowed to proceed. The preparation was treated with glyoxal and the fraction of DNA containing each R loop was determined (2) Table   1 . Evidence for the instability of many yeast poly(A)+ RNA-genomic DNA R loops in the absence of glyoxal fixation has been observed (12) .
The R loop method for RNA quantitation is applicable only to RNA preparations that remain relatively undegraded, because it requires hybridization of single intact RNA molecules to single plasmid DNA sites. RNA that is broken in half might give an overestimate because two RNA fragments from a single RNA molecule would almost certainly hybridize to two different DNA molecules under conditions of DNA excess and would be counted as two hybrids. Alternatively, more degraded RNA would lead to underestimates ofthe RNA concentration because the hybrids might be too small to be counted. Slightly degraded mRNA may be the cause of the 5-25% higher than expected yield with ovalbumin mRNA (Table 1) . If necessary, these problems can be partially overcome by measuring the contour lengths of the R loops in question.
In our hands, independent experiments with a given RNA sample give measurements of the RNA concentration that agree within ± 10% or the expected statistical variability, whichever is larger (usually the latter). Counting many molecules on electron microscope grids is tedious; thus from a practical point of view, the method is most useful when an uncertainty of 10% or greater is acceptable.
Yeast H2A and H2B Transcripts. We find that the average concentration of H2A RNA in a rapidly growing logarithmic phase culture is 2-to 4-fold greater than that of H2B RNA. We believe that the variability in the observed ratio is not due to experimental error but is due to real differences between different RNA preparations, because of some factor such as variations in the doubling time or harvesting time of the yeast cells. Nevertheless, in all cases observed, the average H2A mRNA concentration is greater than that of H2B, despite the probable fact that there are equal numbers of the two protein species in chromatin. It has been observed that the concentrations of histone RNAs peak transiently during the S phase of the cell cycle (L. Hereford, personal communication) at the time of histone synthesis (26) . Therefore, the actual amounts of the H2A and H2B RNAs during S phase are greater than the steady-state levels observed here. Thus, the cause and significance of the obObserving Rare Transcripts. The weight fractions of the other mRNA species hybridizing to TRT3 range between 1.4 X 10-4 and 2 X 10-5 (Table 3) Table 3 , RNA was used at only 330 ,ug/ml. In principle, the experiments could be carried out with 10-to 20-fold higher RNA concentrations. We therefore suggest that one could measure the abundance of an RNA composing 2 X 10-6 of the total in a sample; this would be 0.6 cytoplasmic poly(A)+ molecules for a typical mammalian cell (27) .
